Behavioral performance depends on the activity of neurons in sensory cortex, but little is known about the brain's capacity to access specific neuronal signals to guide behavior. Even the individual sensory neurons that are most sensitive to a relevant stimulus are only weakly correlated with behavior [1, 2] , suggesting that behavioral decisions are based on the combined activity of groups of neurons with sensitivities well matched to task demands [3, 4] . To explore how flexibly different patterns of activity can be accessed from a given cortical region, we trained animals to detect electrical microstimulation of local V1 sites. By allowing the animals to become expert at the detection of microstimulation of specific V1 sites that corresponded to particular retinotopic locations, we could measure the effects of that training on the ability of those sites to support the detection of visual stimuli. Training to detect electrical activation caused a large, reversible, retinotopically localized impairment of thresholds for detecting visual stimuli. Retraining on visual detection restored normal thresholds and in turn impaired thresholds for detecting microstimulation. These results suggest that there are substantial limits to the types of signals for which a local cortical region can be simultaneously optimized.
Behavioral performance depends on the activity of neurons in sensory cortex, but little is known about the brain's capacity to access specific neuronal signals to guide behavior. Even the individual sensory neurons that are most sensitive to a relevant stimulus are only weakly correlated with behavior [1, 2] , suggesting that behavioral decisions are based on the combined activity of groups of neurons with sensitivities well matched to task demands [3, 4] . To explore how flexibly different patterns of activity can be accessed from a given cortical region, we trained animals to detect electrical microstimulation of local V1 sites. By allowing the animals to become expert at the detection of microstimulation of specific V1 sites that corresponded to particular retinotopic locations, we could measure the effects of that training on the ability of those sites to support the detection of visual stimuli. Training to detect electrical activation caused a large, reversible, retinotopically localized impairment of thresholds for detecting visual stimuli. Retraining on visual detection restored normal thresholds and in turn impaired thresholds for detecting microstimulation. These results suggest that there are substantial limits to the types of signals for which a local cortical region can be simultaneously optimized.
Results and Discussion
In principle, the brain might have almost limitless capacity for dynamically accessing arbitrary subsets of cortical neurons. However, few experimental data speak to how efficiently and flexibly the signals of cortical neurons can be combined to guide behavior. A major obstacle to addressing this question is the fact that every sensory stimulus activates thousands of neurons that are distributed across multiple cortical areas that have overlapping neuronal response properties, making it difficult to know which neurons are likely to be most important for a given task and where they are found in cortex.
To mitigate this problem, we have examined behaviors that depend on neuronal activity that is created in a predetermined cortical locus by intracortical electrical microstimulation. Although electrical stimulation is not a natural stimulus, activation of V1 by microstimulation nevertheless creates a robust sensation of a small point of light (a phosphene) in humans [5] [6] [7] and, in all likelihood, nonhuman primates [8, 9] . By electrically activating cortex in monkey V1 in the absence of other stimuli, we controlled which cortical site was likely to be most informative for guiding the animal's behavior in a stimulus detection task. Most importantly, by giving the animals extended training on detecting microstimulation in restricted regions of V1 subserving known visual field locations, we could study how the acquisition of expertise at detecting microstimulation of a cortical locus affects the ability of the same cortical site to support detection of visual stimuli.
We first trained two monkeys to perform a two-interval forced-choice detection task [10] with small visual stimuli. The contrast needed to detect the stimulus at different visual field locations was determined via an adaptive staircase procedure [11] . Once thresholds for detecting visual stimuli were stable over a range of eccentricities (w4 months of visual stimulus training for monkey 1; w8 months for monkey 2), we replaced the visual stimulus with electrical microstimulation of a V1 site via microelectrode. A V1 site was defined as a region approximately 3 3 3 mm. For each V1 site, we trained the monkeys to detect the microstimulation over a course of 2-4 weeks, making a new electrode penetration each day, measuring a detection threshold from every block of 100 behavioral trials, and advancing the electrode between threshold measurements to traverse the thickness of V1.
Figures 1A and 1B show the improvement in microstimulation detection thresholds at the first V1 site trained in each animal, demonstrating the brain's capacity to improve the detection of the microstimulation-induced pattern of activation with practice. We limited the stimulation current to 50 mA, and initially neither animal could reliably detect that current. However, within a few thousand trials (3-6 days of training), reliable thresholds were measured, and thresholds approached a stable asymptote over 2-4 weeks of daily training. The best-fitting exponential functions had decay constants of 3700 and 7100 trials. Asymptotic thresholds (6.6 and 6.2 mA) were similar to those reported previously for microstimulation of V1 [10] . Figures 1C-1E show the improvement in detection thresholds over the course of microstimulation training at other V1 sites in the same animals, with each site separated from previously trained sites by at least 5 mm (measured parallel to the cortical surface). Each new site required training to achieve asymptotic thresholds. One site in monkey 1 was retested after a pause of 1 year ( Figure 1E) , and a comparison with the thresholds just before the hiatus showed that thresholds remained stable without practice (before: mean 8.3 mA, 0.5 standard error of the mean, n = 23 blocks; after: mean threshold 8.1 mA, 0.3 standard error of the mean, n = 23 blocks; t test, p = 0.71). Long-lasting, spatially specific, incremental improvements in performance are hallmarks of perceptual learning [12] [13] [14] . Thus, training with microstimulation had effects similar to training with a novel sensory stimulus.
Training the animals to detect microstimulation of the V1 sites significantly impaired the detection of visual stimuli, but only at the specific retinotopic positions represented by the microstimulated V1 sites. Figure 2F illustrates the visual field locations represented at the five V1 sites (outlined in solid lines), as well as the positions of control locations (outlined in dotted lines) that were used to measure normal visual detection thresholds. Control locations were either adjacent retinotopic locations at the same eccentricity as *Correspondence: maunsell@hms.harvard.edu a microstimulated representation that were tested after microstimulation or else the microstimulated locus tested before the start of microstimulation. Colors are used consistently in all figures to indicate different V1 sites. For each V1 site illustrated in Figures 2A-2E , a horizontal band marks the 95% confidence interval for the mean threshold of the corresponding control location.
Figures 2A-2E illustrate the elevated visual detection thresholds that were seen at the visual field locations corresponding to the microstimulated V1 sites after the animals had been trained with microstimulation, as well as the recovery of normal thresholds with retraining with visual stimuli at those positions over 2-4 weeks. Visual thresholds were substantially elevated after training with microstimulation, although adjacent control sites had normal thresholds. Retraining restored the elevated thresholds to normal levels and was also retinotopically specific. Retraining at one retinotopic position did not restore visual thresholds for all positions; each position had to be retrained separately. Figure 3 summarizes the reciprocal changes in visual and electrical thresholds. Figure 3A plots visual detection thresholds before microstimulation, after microstimulation, and following retraining on visual detection. Visual thresholds were elevated at the microstimulated retinotopic positions by factors that ranged from 1.5 to 7. These are large threshold elevations, similar, for example, to impairment in detecting directions of motion following ablation of the middle temporal visual area [15, 16] . Visual detection thresholds varied before microstimulation because the sites spanned eccentricities from 1.9 to 22.4 , and our scaling of the visual stimulus with Behavioral thresholds for detecting microstimulation decreased exponentially during training at each V1 site. Each color represents a different V1 site here and in the other figures. Each point is a threshold determination based on 100 trials, and error bars represent 67% confidence intervals. At one site (E), we examined thresholds after a 1 year pause and found that they remained stable.
eccentricity did not perfectly compensate for changes in sensitivity across eccentricities. Figure 3B illustrates that just as electrical training impaired visual detection, visual retraining impaired electrical detection. At the one V1 site that was accessible for additional microstimulation in each subject (see Experimental Procedures), microstimulation detection thresholds were measured following visual retraining. Two to three weeks of visual retraining at the corresponding visual field locations caused microstimulation thresholds to rise approximately 3-fold (from 8.1 to 26.8 mA for monkey 1; from 6.3 to 18.5 mA for monkey 2). Without visual retraining, these microstimulation thresholds had remained stable for many months. Training improved visual and microstimulation thresholds at similar rates at each V1 site. Figure 3C plots the exponent for the microstimulation learning curve (Figure 1 ) and that for the visual learning curve (Figure 2 ) for each V1 site, as well as the line of equality. There was no significant difference between the learning time constants for electrical and visual stimulation within V1 sites (Friedman's test, c 2 = 0.20, p = 0.65). Several findings argue that the visual thresholds were not elevated as a result of damage associated with microelectrode penetrations or the electrical stimulation. First, although microstimulation thresholds remained stable long after microstimulation training had ended ( Figure 1E ), retraining on visual detection, which was entirely noninvasive, greatly elevated those thresholds ( Figure 3B ). This suggests that it is practice detecting a different type of stimulus, not electrode penetrations and/or electrical stimulation, that is primarily responsible for elevating detection thresholds. Second, microstimulation thresholds improved steadily as the number of electrode penetrations and stimulus cycles increased (Figure 1) , suggesting that the V1 neurons were not suffering from accumulating damage. There was no correlation between elevation in visual thresholds and either the amount of current injected at each site (r = 0.26, p = 0.62) or the number of microelectrode penetrations (r = 20.04, p = 0.95). Finally, the virtually complete recovery of visual thresholds with retraining suggests that microstimulation caused no substantial damage. The antagonistic relationship between visual and electrical thresholds is consistent with psychophysical studies showing that training on one sensory stimulus can elevate thresholds for other sensory stimuli [17] [18] [19] , although those effects are much smaller than those reported here.
It is unlikely that the improvements in detection thresholds depended on the animal learning what class of percept to look for (visual versus electrical). After the monkeys became expert at detecting microstimulation at one site in V1, they still needed extensive training to achieve low thresholds at other sites. Correspondingly, visual retraining for one microstimulated V1 site did not restore thresholds for other V1 sites. Instead, each V1 site had to undergo visual stimulus relearning to restore low visual detection thresholds. Additionally, although extended practice with visual detection was needed to restore thresholds at microstimulated representations, visual detection at nearby visual field representations that had not been microstimulated was at normal levels before that visual retraining began ( Figure 2F ).
The inability of subjects to detect strong electrical microstimulation without practice shows that arbitrary distributions of active cortical neurons cannot be interpreted for guiding behaviors. This result is consistent with intrasurgical tests showing that human patients are insensitive to vigorous electrical stimulation over much of the cortical surface [7, 20, 21] . The spatiotemporal distribution of spiking neurons in V1 produced by microstimulation undoubtedly differs greatly from that generated by natural stimuli. Microstimulation is likely to sparsely activate a population of neurons centered around the electrode tip in a relatively synchronous manner [22] , whereas visual stimuli will activate neurons spanning multiple ocular dominance columns in layer 4, from which activity will propagate to superficial and deep layers. We speculate that because the spatiotemporal distribution of active neurons produced by the microstimulation differed markedly from that of the visual stimuli, practice was needed to alter functional connectivity to allow behavioral detection of that type of distribution.
In principle, the brain might have almost limitless capacity for dynamically accessing arbitrary subsets of cortical neurons, in which case detection of microstimulation could have been achieved with little effect on visual thresholds. Although each V1 site could support low thresholds for detecting either visual or electrical stimulation at different times, our findings suggest that at a given time, the brain has relatively limited ability to access the signals from arbitrary subsets of cortical neurons.
The threshold changes described here are likely to depend on changes in functional connectivity [23, 24] . Those changes might have occurred within the stimulated cortex, in structures to which it sends its outputs, or in both. The fact that visual thresholds were unaffected at retinotopic locations immediately adjacent to the loci trained with microstimulation (Figure 2) suggests that the effects of stimulating V1 did not involve changes in structures with visual receptive fields much larger than those in V1. Because thresholds for detecting electrical microstimulation have also been seen to improve for stimulation of extrastriate visual areas [10] and in frontal cortex [25] , all cortex may retain the ability to support the detection of different distributions of active neurons throughout adult life.
Although it was probably critical that we assessed behavioral impairments with small targets that were represented entirely within the microstimulated part of V1, we do not yet know whether the particular features of the target are important. We predict that deficits will only be seen for tasks that depend critically on the region of cortex that is used for microstimulation training. In this regard, it will be important to learn whether training animals to detect microstimulation of extrastriate visual areas causes deficits that are selective for detection or discrimination of stimuli that are selectively represented by neurons in the microstimulated area.
We have not explored the effects of different electrical stimulus parameters. The effects of microstimulation are typically weaker with lower pulse frequencies, briefer pulses, shorter trains of pulses, or when delivering the cathodal pulse first, and it is likely that we would have seen higher threshold currents with manipulations like these. However, over reasonably broad ranges, manipulations of this kind lead to quantitative rather than qualitative differences in behavioral effects [26, 27] , even when the temporal patterning of the stimulus train is changed [28] . Although it is likely that the rate of learning and asymptotic thresholds will depend on electrical stimulus parameters, we suspect that our results did not depend critically on particular values. Nevertheless, it will be important in the future to explore whether there are stimulus parameters or training regimens that might permit excellent performance on detecting microstimulation without impairing visual detection.
In summary, we found that gaining expertise in detecting microstimulation of visual cortex came at the cost of impairing detection of visual stimuli. This effect on visual stimulus detection was retinotopically specific and reversible with retraining on detecting the visual stimulus. When expert performance on the detection of the visual stimulus was regained, microstimulation detection was in turn impaired. The ability of a local patch of cortex to gain the ability to support low thresholds for detecting two different types of neuronal activation points to substantial flexibility in accessing different neuronal activation patterns, yet the inability to support those low thresholds for both stimulus types at the same time indicates substantial limits in the brain's ability to use arbitrary spatiotemporal distributions of cortical activity.
Experimental Procedures
All experiments conformed to protocols approved by the Harvard Medical School Institutional Animal Care and Use Committee.
Behavioral Task
We trained two adult male rhesus monkeys (Macaca mulatta) on a twointerval forced-choice detection task. For each trial, the animal fixated on a small white spot on a gray video display background (12 cd/m 2 ). While the animal fixated, two 250 ms intervals were presented separated by 500 ms, with each interval marked by a tone. The 250 ms stimulus (visual or electrical) was delivered during one of the intervals, which was randomly selected for each trial. Following a short delay after the end of the second interval (250 ms), two yellow targets appeared, 5 above and below the fixation spot. The animal indicated which interval contained the stimulus by making a saccade directly to the appropriate target, the target above the fixation spot for interval 1 or the target below for interval 2. The job of the animal was only to report detection of the stimulus, not the qualities of the percept itself.
Visual Stimulus
The visual stimulus was a peripheral, 2D Gaussian stimulus displayed for 250 ms, brighter than the gray video display background on which it appeared. The standard deviation (s) of the Gaussian was determined based on its eccentricity from the fixation point so that the stimulus approximated the size of V1 receptive fields (s = 0.075 $ eccentricity) [29] .
Electrical Stimulus
Microstimulation detection thresholds were measured by replacing the visual stimuli with microstimulation of V1. Other aspects of the task, including fixation and eye movement responses, were identical. The electrical stimulus was a 250 ms train of biphasic constant-current pulses, anodal Figure 2 . Visual thresholds after electrical training and after visual retraining plot the y intercepts and asymptotes of the exponential functions fit to the visual stimulus threshold data in Figures 2A-2E . Error bars represent 95% confidence intervals. (B) Thresholds for electrical stimulation detection. Microstimulation thresholds before and after electrical training correspond to the y intercepts and asymptotes of the exponential functions fit to the microstimulation threshold data in Figure 1 . For the green site, the asymptote of the microstimulation training curve is plotted as well as the mean threshold tested 1 year later (black arrow) (n = 23 blocks), before visual retraining, which occurred over a period of 3 weeks. Microstimulation thresholds after visual retraining are the mean electrical thresholds based on 12 threshold determinations from each of four different electrode penetrations at the V1 site (n = 48 blocks). Error bars represent 95% confidence intervals. (C) Exponents of the fitted functions for electrical training curves and visual retraining curves were similar at each site. Error bars represent 67% confidence intervals. phase first, with each phase lasting 200 ms, delivered at 200 Hz. The currents delivered were limited to no more than 50 mA (all currents were the amplitude of an individual phase).
To measure microstimulation thresholds, we advanced metal microelectrodes (platinum/iridium, w1 MU impedance at 1 kHz) each day into a different spot in a small region of V1 (confined to w3 3 3 mm surface area). V1 sites were either in the operculum or in the calcarine sulcus. Each threshold determination was based on 100 behavioral trials, and the electrode was advanced 100 mm every 200 trials, with the complete thickness of cortex being tested on most days. Multiunit V1 receptive fields were mapped periodically each day along each electrode track by using a stimulus on the video display moved by hand.
Different V1 sites were separated by at least 5 mm (measured parallel to the cortical surface). Training at each V1 site spanned many days of microstimulation (16 median, 11-20 interquartile range). For retesting microstimulation thresholds following visual retraining, we sampled one V1 site in the calcarine sulcus in each animal. The remaining three V1 sites were in superficial cortex in the operculum, where guide tubes could not be used and transdural electrode penetrations were problematic owing to the age of the neurophysiological implants.
Data Analysis
The stimulus value (percent contrast for visual stimuli, current pulse amplitude for electrical stimuli) needed for detection of a given stimulus was determined via QUEST [11] , an adaptive staircase procedure. Behavioral detection threshold was taken as the contrast needed to reach 63% of the way from chance to saturating performance (w82% correct). One block's threshold determination was based on 100 trials of the two-interval forced-choice detection task.
The mean detection thresholds for the control locations ( Figure 2) were determined with at least four blocks of 100 trials each, either after microstimulation training (before visual retraining at the test sites) or before beginning microstimulation (site color-coded red).
Thresholds that measured R100% contrast or R50 mA are plotted in the figures at those values but were excluded from function fits. Learning data were fit with exponential functions via unconstrained nonlinear optimizing that minimized the sum-of-squares error. Confidence intervals for all fit parameters of the learning curves (y intercept, asymptote, t) were determined via 5000-trial bootstraps of the best-fitting exponential functions by using sampling with replacement of the threshold determinations. p values were computed for Pearson's linear correlation coefficients using a Student's t distribution.
